dase for newly synthesized p1 CPY.
were suspended in 10% TCA to block thiol exchange in vivo. Free thiols were modified with NEM (pH 6.8) prior to immunoprecipitation with anti-myc antibody under nonreducing conditions. In addition to free Ero1p-myc, 230 kDa complexes were detected (lanes 2 and 3) that were reimmunoprecipitated with anti-PDI antibody under nonreducing conditions (lane 4, 5ϫ loading). The anti-myc immunoprecipitates were reduced with DTT, divided, and reimmunoprecipitated with anti-PDI or anti-myc antibody (lanes 5-7), allowing quantitation of the PDI trapped in mixed disulfides with Ero1p-myc (see Experimental Procedures). Anti-PDI samples were loaded 6ϫ relative to anti-myc samples. Note that yeast PDI often migrates as a doublet. Strains were derived from CKY263 (wild-type GAL2) and hosted pAF89 (2 ERO1-myc, lanes 1 and 5) in addition to pCT37 (P GAL1 -PDI1, lanes 2 and 6) or pAF132 (P GAL1 -pdi1-CGHS-CGHS, lanes 3, 4, and 7). (C) Primary anti-myc immunoprecipitates were prepared as in (B) from labeled cells overproducing either wild-type or CQHA Mpd2p in addition to Ero1p-myc. CQHA Mpd2p-Ero1p mixed disulfides are indicated (125 kDa, lane 3). Reduction of these complexes with DTT released a protein of 35 kDa whose mobility increased after deglycosylation with EndoH f (lanes 4 and 5). In a parallel experiment, this 35 kDa protein (lane 7) was reimmunoprecipitated by anti-Mpd2p antibody (lane 6, 3ϫ loading). Strains were derived from CKY263 and hosted pAF89 in addition to pAF123 (P GAL1 -mpd2-CQHA, lanes 1 and 3-7) or pAF103 (P GAL1 -MPD2, lane 2). In lane 1, expression of P GAL1 -mpd2-CQHA was repressed by growth on glucose.
Results
between proteins undergoing thiol-disulfide exchange for subsequent analysis. Since one paradigm for disulfide bond formation in Trapping PDI-Ero1p and Mpd2p-Ero1p Mixed Disulfides In Vivo the ER predicted the transfer of oxidizing equivalents from Ero1p to PDI (Frand and Kaiser, 1998; Pollard et The transfer of a disulfide bond between oxidoreductases involves a dithiol-disulfide exchange reaction beal., 1998), we sought to capture PDI-Ero1p mixed disulfides in vivo. To facilitate trapping these complexes, we tween one enzyme in dithiol (reduced) form and a second in disulfide (oxidized) form ( Figure 1A) . A mixed employed a CGHS-CGHS mutant of PDI, in which the C-terminal cysteine of each active site was replaced disulfide intermediate is generated by nucleophilic attack of the disulfide bond in the oxidized partner by a with serine. This mutant should be impaired in the resolution of mixed disulfides. thiolate anion derived from a reactive cysteine in the reduced partner. This mixed disulfide can be resolved Cells overproducing both Ero1p-myc and either wildtype or CGHS-CGHS PDI were labeled with [ , and the samples were adjusted further thiol exchange and stabilizing mixed disulfides to pH 6.8 before immunoprecipitation with anti-myc antiwas reduced and reimmunoprecipitated with anti-CPY body under nonreducing but denaturing conditions. In antibody. There was no evidence of mixed disulfides addition to free Ero1p-myc, high-molecular weight combetween CPY and Ero1p-myc (data not shown), even plexes could be detected ( Figure 1B, lanes 2 and 3) . though CPY undergoes oxidative protein folding in the These complexes were shown to represent PDI-Ero1p ER (Jä msä et al., 1994). This result provides an important mixed disulfides by reimmunoprecipitation with anti-PDI control for the specificity of trapping intermolecular under nonreducing conditions ( Figure 1B, lane 4) Figure 1C, lanes 4 and 5) . Consistent 1997). After modification with AMS, the mobility of overwith assignment of this protein as Mpd2p, a comigrating produced Mpd2p isolated from wild-type cells deprotein could be reimmunoprecipitated by anti-Mpd2p creased slightly, indicating that Mpd2p was oxidized in antibody following reduction of the mixed disulfides vivo but contained at least one free thiol. After treatment ( Figure 1C, lanes 6 and 7) with AMS increases the apparent molecular mass of the 84% of CPY acquired carbohydrate modifications diagprotein by 15 kDa (Frand and Kaiser, 1998), a mobility nostic of delivery to the cis-Golgi (p2 CPY, Figure 3A) . shift attributable to AMS modification of the ten cysteWhen overproduced, the majority of CPY is secreted in ines that normally form intramolecular disulfide bonds this form, rather than delivered to the vacuole (Stevens in CPY (Endrizzi et al., 1994) . By this assay, newly syntheet al., 1986). The labeled cells were suspended in 10% sized p1 CPY was shown to be reduced in the condi-TCA, and proteins were modified with NEM prior to imtional ero1-1 mutant (Frand and Kaiser, 1998). munoprecipitation with anti-PDI antibody under nonreThe oxidation state of CPY was examined in PDIducing but denaturing conditions. At this stage, discrete depleted cells. A yeast strain with a chromosomal delecomplexes representing mixed disulfides between ention of the PDI1 gene covered by P GAL1 -PDI1 (CKY564) dogenous PDI and any single ER substrate were not was grown in galactose medium and then transferred to readily detected after nonreducing SDS-PAGE. Howglucose medium to repress further expression of P GAL1 -ever, such complexes would be expected in extremely PDI1. After 18 hr of growth on glucose, newly synthelow abundance, since PDI is likely to interact transiently sized CPY was completely retained in the ER. PDI could with numerous substrate proteins. Therefore, the prinot be detected in extracts from these cells either by mary anti-PDI immunoprecipitate was reduced with DTT immunoprecipitation or immunoblotting with anti-PDI and reimmunoprecipitated with anti-CPY antibody. Ap-(data not shown; Tachibana and Stevens, 1992). The proximately 7% of the total p1 CPY was reimmunopre-PDI-depleted cells were radiolabeled for 10 min and cipitated under these conditions, indicating that PDI-CPY mixed disulfides had indeed been captured (Figure treated directly with TCA to block thiol exchange in Evidence that Mpd2p facilitates the transfer of oxidizing equivalents from Ero1p to secretory proteins came from the isolation of a clone expressing P GAL1 -MPD2 as a highvivo and to precipitate cellular proteins. Free thiols were copy suppressor of ero1-1. This clone partially restored modified with AMS prior to immunoprecipitation of CPY. growth and CPY maturation in ero1-1 cells at temperaThe apparent molecular mass of p1 CPY synthesized in tures below 38ЊC ( Figure 5 ). The suppression of ero1-1 PDI-depleted cells increased by 15 kDa upon modificaby P GAL1 -MPD2 depended upon the oxidoreductase action with AMS ( Figure 3B ). Reduced p1 CPY, synthesized tivity of Mpd2p, since P GAL1 -mpd2-AQHA lacked rescuin the presence of 5 mM DTT, reacted with AMS to ing activity ( Figure 5) . Further, expression of P GAL1 -PDI1, the same extent ( Figure 3B ). In contrast, the mobility of P GAL1 -MPD1, or P GAL1 -EUG1 was not observed to supoxidized, native p1 CPY, synthesized in the ER-to-Golgi press ero1-1 (data not shown), indicating that overprovesicle formation mutant sec12, decreased only slightly duced Mpd2p may serve as a relatively effective oxidase upon AMS modification ( Figure 3B -1 leu2-3, 112 his3-11, 15 trp1-1 ade2-1 can1-100 [pCT37] Tom Stevens PDI was first isolated from rat liver microsomes as an Here we present data indicating that the oxidase activity of PDI in vivo is coupled to reoxidation of PDI by activity catalyzing the reactivation of reduced, denatured RNase A (Goldberger et al., 1963) . The observation Ero1p. The finding that Ero1p activity sustains PDI predominantly in disulfide form suggests that the direct that sulfhydryl oxidation was not limiting in this assay led to the suggestion that PDI was more likely to catalyze transfer of oxidizing equivalents from PDI to substrate proteins may be far more prevalent in vivo than in vitro. disulfide interchange than disulfide formation in vivo (Givol et al., 1964) . Assays for PDI catalysis of oxidative
The pathway for disulfide bond formation in the E. coli periplasm provides a useful analogy to the pathway for protein folding have since employed redox buffers containing both GSH and GSSG. The rate of oxidative foldprotein oxidation in the ER. In the bacterial periplasm, two oxidoreductases, DsbA and DsbB, catalyze the foring in vitro depends upon the redox potential of the buffer, typically expressed as the [GSH] PDI homologs including Eug1p. An intriguing question remains as to how the oxidase and isomerase activities Like the redox buffers employed in vitro, the ER lumen contains both GSH and GSSG. Based on the relative of PDI may be integrated in order to expedite the formation of native protein disulfide bonds. One possibility is abundance of GSSG in the ER and the activity of PDI in vitro, models for disulfide bond formation in vivo have that GSH may sustain a portion of PDI in reduced form, thereby enabling PDI to function as an isomerase (Cupostulated that GSSG serves as the oxidant for PDI and as the ultimate source of oxidizing equivalents for ozzo and Kaiser, 1999). In our model, the flux of disulfide bonds into the ER oxidative protein folding (Hwang et al., 1992 , NEN) , and kinetic analyses of CPY transport pended at 3 OD 600 U/ml in SMM. Samples receiving DTT (in the were performed as described (Frand and Kaiser, 1998). amounts indicated) were incubated at 30ЊC for 45 or 30 (for Ero1p-myc) min. ero1-1 strains were incubated at 38ЊC and were returned Plasmids to 38ЊC for 8 min after harvesting. Cells were collected by centrifugation and suspended in 100 l of 10% TCA. Proteins were collected To generate pAF132, a 1.8 kb BamHI-NotI fragment corresponding as described and solubilized in nonreducing sample buffer with or to pdi1-CGHS-CGHS was isolated from pRH1966 (Holst et al., 1997) without 25 mM 4-acetamido-4Ј-maleimidylstilbene-2,2Ј-disulfonic and placed under GAL1 promoter expression through homologous acid (AMS, Molecular Probes). For analysis of PDI, this buffer conrecombination in vivo with MscI and AatII-digested pCT37 (CEN tained 6 M urea. Samples were incubated on ice for 15 min, at P GAL1 -PDI1 URA3; Tachibana and Stevens, 1992). pAF103 (CEN P GAL1 -37ЊC for 10 min (PDI and Ero1p-myc only), and boiled for 2 min. MPD2 URA3) was isolated from a yeast P GAL1 -cDNA library (Liu et Ero1p-myc samples were deglycosylated by 4-fold dilution into 50 al., 1992) as a suppressor of the growth defect of CKY559 (ero1-1) at mM sodium citrate (pH 5.5) containing 100 U of EndoH f and incu-36ЊC. pAF123 (P GAL1 -mpd2-CQHA) and pAF150 (P GAL1 -mpd2-AQHA) bated at 37ЊC for 2 hr. Samples were resolved by nonreducing (PDI were generated by site-directed mutagenesis on pAF103. Plasmid and Ero1p-myc) or reducing (Mpd2p) SDS-PAGE. Western analysis pTSY3 specifies 2 PRC1 URA3 (Stevens et al., 1986). CKY564 and CKY39 (sec12-1) were then radiolabeled for 10 min at Protease inhibitors (1 g/ml each pepstatin, aprotinin, and leupeptin) 30ЊC or 38ЊC, respectively. One CKY39 sample received 5 mM DTT were included when trapping PDI. Samples were adjusted to pH 6.8 prior to labeling. Cells were harvested by centrifugation and susby gradual addition of 1 M Tris-HCl (pH 6.8). After incubation on pended in 100 l of 10% TCA. Proteins were collected as described ice for 15 min, and at room temperature for 10 min, samples were and solubilized in 34 l of nonreducing sample buffer with or without brought to 1 ml in IP buffer and immunoprecipitated as described 25 mM AMS. Samples were brought to pH 6.8, incubated on ice for (Frand and Kaiser, 1998). For capture of PDI-Ero1p-myc mixed di-15 min, incubated at room temperature for 5 min, and boiled for 2 sulfides, cells were radiolabeled in SC Raf/Gal with appropriate min. Samples were immunoprecipitated with anti-CPY antibody as auxotrophic supplements and lacking methionine for 30 min at 30ЊC. described (Frand and Kaiser, 1998). Samples were resolved by SDSExtracts corresponding to 15 OD 600 U were immunoprecipitated with PAGE and visualized with a 445si phosphorimager (Molecular Dyanti-myc antibody (9E10, Covance). One sample from cells hosting namics). pAF132 was reimmunoprecipitated with anti-PDI under nonreducing conditions. Otherwise, 1/5 of each sample was saved for analysis Acknowledgments by nonreducing SDS-PAGE, and the rest boiled for 3 min in sample buffer with 100 mM DTT. Of each sample, 1/5 was reimmunoprecipiWe are most grateful to Tom Stevens, Hidde Ploegh, and Hiroyuki tated with 9E10 antibody while 3/5 was reimmunoprecipitated with Tachikawa for providing antibodies, and to Jakob Winther for supanti-PDI antibody (kindly provided by Tom Stevens). As a control, plying alleles of PDI. We thank Peter Chivers and John Cuozzo for supernatants from this last step were immunoprecipitated with antitechnical advice and for critical reading of this manuscript. This CPY antibody. To quantitate free PDI, PDI was immunoprecipitated work was supported by grants from the National Institute of General from the 1Њ anti-myc supernatants under reducing conditions. 
